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Abstract: Photonic isolation is an essential on-chip function needed to stabilize laser oper-
ation and prevent cross-talk between different components within a communication system.
Monolithically integrated isolator designs incorporate magneto-optical cladding consisting of
doped yttrium iron garnet (YIG), such as cerium-doped YIG (Ce:YIG) and bismuth-doped YIG
(Bi:YIG), where a YIG seedlayer is required prior to the deposition and subsequent crystallization
of doped YIG. This adversely impacts isolator performance through reduced mode overlap with
the doped YIG layer. Furthermore, the Faraday rotations of YIG and Ce:YIG have opposing
signs such that they partially cancel out. This work demonstrates a seedlayer-free, monolithic
nonreciprocal photonic platform based on an alternative garnet formulation, bismuth-doped
terbium iron garnet (Bi:TbIG). We further realize on-chip integration of electromagnets to obviate
the requirements of external magnets. An isolator based on the asymmetric Mach-Zehnder
interferometer (MZI) architecture is implemented, which records a 7 nonreciprocal phase shift
with a power consumption of 52 mW. Optical isolation as high as 24 dB is achieved.

© 2026 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Driven by advanced silicon manufacturing [1—4], silicon photonics have proved to be a disruptive
technology platform [5—7]. This is in spite of the inherent material limitations (e.g., indirect
bandgap and lack of magneto-optical non-reciprocity or Pockels effect) pertaining to silicon.
Moving on from optical communications, silicon photonics has diversified towards various
distinct applications (e.g., neuromorphic computing [5], quantum photonics [6] and sensing
[7]), necessitating an increase in the complexity of photonic integrated circuits (PICs). As PICs
increase in sophistication, optical isolation is imperative for several reasons. 1) Isolators will take
on an increasingly critical role in minimizing backward reflections in complex PICs, which may
bring about unwanted crosstalk and system instabilities. For instance, in optical communications,
delayed back reflections arrive at different times. This results in the spreading of pulses and
thereby, the reduction of the maximum attainable bit rate-distance product due to multi-path
dispersion [8]. 2) Parasitic reflections feeding back into the laser typically result in an increase
in laser instabilities and noise (i.e., relative intensity and frequency noises) [9]. More severe
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consequences involve irreversible damage to the laser sources [10]. 3) Residual reflections from
high-index contrast silicon waveguides can trigger parasitic lasing in on-chip amplifiers [11].

To that effect, there has been significant work in the development of optical isolators, in
which the enabling mechanisms can be categorized into several categories: spatiotemporal
modulation [12,13], nonlinearity (i.e., Kerr, cross-phase modulation [14], four-wave mixing
[15], Brillouin scattering [16], Pockels effect [17]), and magneto-optical (MO) effect [18-28].
It is of note that conventional nonlinear isolators are fundamentally constrained by dynamic
reciprocity, which limits their operation to pulsed signals [29]. Recent theoretical studies have
shown that non-Hermitian photonic systems exploiting saturable absorption may circumvent this
limitation, with numerical simulations predicting broadband nonreciprocal transmission under
continuous-wave excitation [30,31]. On the other hand, while spatiotemporal modulation enables
isolation with insertion loss as low as 0.1 dB, these devices necessitate large power consumption
(on the order of 100 mW and above) with narrow operation bandwidth [12,32]. MO isolators are
advantageous in terms of bandwidth and power consumption, while being commensurate with
continuous wave operation.

MO isolators can be realized via heterogeneous [18-21] or monolithic integration [23,33,34].
The former brings the MO layer (a die) in close proximity to the silicon photonic waveguide
via direct or adhesive bonding [21]. In comparison to heterogeneous integration, monolithic
deposition [33,34] is advantageous in terms of lower processing complexity, where requirements
on sample cleanliness and planarity prior to bonding are alleviated. Furthermore, in heterogeneous
integration, the large size of the bonded garnet die (e.g., 500 x 500 um?) would imply that
the photonic performance of other nearby components will be impacted, thereby limiting the
integration density. For monolithic integration, the primary material-of-choice is cerium-
substituted yttrium iron garnet (Ce:YIG) due to its low loss and high Faraday rotation (i.e.,
—4800°/cm at 1550 nm) [18]. However, for Ce:YIG, it is challenging to promote the growth of
the garnet phase over competing phases (i.e., CeO;) on non-garnet substrates. Typically, this has
necessitated the deposition of a YIG seed layer and annealing at elevated temperatures of up to
850 °C [33]. Alternative approaches have also been demonstrated where crystallization can be
accomplished using a seedlayer above the MO layer [35], but for Bi: YIG/YIG the figure of merit
is less favorable than for the seed layer underneath [28]. In spite of the significant Faraday rotation
conferred by Ce:YIG, the need for the YIG seed layer introduces some limitations. Firstly, the
YIG layer impacts isolator performance through a reduced mode overlap with the Ce: YIG layer.
Furthermore, the Faraday rotations of YIG and Ce:YIG have opposite signs, which will serve to
limit the nonreciprocal phase shift (NRPS) experienced by the waveguide.

For instance, a 45-nm-thick YIG layer was used to promote the crystallization of the Ce:YIG
layer [36]. In such a scenario, as investigated by Dulal et al. [27], a Ce:YIG layer with a high
Faraday rotation of 4500° /cm will only impart similar levels of NRPS as a seed-layer-free MO
layer with Faraday rotation of 2000° /cm (both values at 4 = 1550 nm). This impacts isolator
footprint and insertion loss. Therefore, the development of a seed-layer-free MO/silicon photonic
platform is imperative.

2. Operating principle of the monolithic Bi:TblG/silicon photonic isolator

This work presents the development [24,37] of a monolithic seedlayer-free Bi:TbIG/silicon
photonic platform operating at the C-band Fig. 1(a). Bi:TbIG is chosen for its high FR combined
with the ability to crystallize Tb garnets on Si without a seedlayer [22,25-28]. We demonstrate
an optical isolator based on monolithic Bi:TbIG on silicon waveguides incorporating integrated
electromagnets, enabling low driving current and power requirements. With monolithic integra-
tion, the thickness of the SiO, spacer (Fig. 1(b)) can be controlled to minimize operating current,
while alleviating metal (Au electromagnet) optical absorption. Our process includes a significant
reduction in the thermal budget required for monolithic garnet growth and crystallization (from



Research Article Vol. 34, No. 19/21 Sep 2026/ Optics Express 36280 |

Optics EXPRESS & SN2

850°C to 600 °C). This sets the stage for further reduction in annealing temperatures, potentially
commensurating with the CMOS backend. Leveraging this platform, an asymmetric Mach
Zehnder interferometer (MZI)-based photonic isolator operating at C-band is demonstrated. The
isolation mechanism relies on the NRPS accumulated along the two MZI arms, rather than
polarization rotation of the propagating light. It should be noted that the term "Faraday rotation"
used in this paper refers to the material-level magneto-optical property that gives rise to NRPS.
Experimental data indicate that a 7 phase shift between the counterpropagating lightwaves can
be attained with driving currents as low as 114 mA, achieving isolation ratio up to 24 dB. The
isolator operates in TM mode to ensure efficient adiabatic coupling to the magneto-optical
layer. Although TE is the dominant mode in PICs, the TM operation of our device is readily
accommodated by on-chip polarization rotators. Standard PDK components that add only <1 dB
(0.3-0.5 dB each) without affecting the isolation ratio [38,39]. Direct TE-mode operation is also
feasible on seedlayer-free garnet platforms [25]. For the present NRPS scheme, it would require
garnet on the waveguide sidewalls to overlap the in-plane TE field. Achieving uniform sidewall
deposition and crystallization remains an engineering challenge that is the subject of our ongoing
work.

MMI

Au Electromagnet

MMI

Bi:TbIG (300 nm)

SiO,
2 nmI cladding = )
Waveguide width [ S .

Fig. 1. (2) 3-D schematic of the electrically-driven MZI isolator based on the seedlayer-free
monolithic Bi:TbIG/silicon nonreciprocal platform. The coordinate axes are defined with
x in the transverse in-plane direction, y perpendicular to the chip surface, and z along
the waveguide propagation direction. (b) Cross-sectional illustration (x-y plane) of the
monolithically integrated Bi:TbIG/silicon waveguide. (c) Micrograph image of isolator with
electrical probes (electrical I/O) and lensed fiber (optical I/O) annotated.

A 3-D schematic of the electrically-driven, monolithically integrated Bi:TbIG/Si MZI isolator
is illustrated in Fig. 1(a). Figure 1(b) provides a cross-sectional illustration of the Bi:TbIG/Si
waveguide and electromagnet. A micrograph image of the optical isolator chip is indicated
in Fig. 1(c). The MZI is unbalanced, corresponding to an FSR of ~ 8.5nm. Identical
lengths of integrated Bi:TbIG/Si waveguides with Au (1.5 um-thick, and 10 um-wide) driving
electromagnets are implemented on both arms of the MZI. Through the application of currents
on both electromagnets with equal amplitude and opposite directions, a static magnetic field
perpendicular to the direction of current flow is generated, as defined by the Biot-Savart law.
This results in the imaginary off-diagonal component &,, of the dielectric tensor (&) of Bi:TbIG
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to become non-zero due to the MO effect. NRPS of the waveguide is given by:
OE,
—4jwey / / Eop,y$(KMx) dA
Y

Bru / / (Eop x Hp + Hop X Ef;p)7 dA

where SBtMm, w, and g refer to the propagation constant of the TM mode, the angular frequency
of light, and the vacuum permittivity, respectively. Eop and H,p, denote the electric and magnetic
fields of the guided optical mode, and Ep,, is the y-component of Ep,. The coeflicient K captures
the nonreciprocal Faraday ellipticity in its real part and the Faraday rotation in its imaginary
part. M, indicates the x-component of the Bi:TbIG magnetization (Fig. 1(b)). In our push-pull
MZI configuration, a Bi:TbIG/Si waveguide length of /4 X ABtv is needed to realize complete
optical isolation. Detailed derivations are shown in Supplement 1 S1. To induce a 7 phase
shift between the forward and backward propagating lightwaves, the length of the nonreciprocal
phase shifters are designated to be 1243 um (Fig. 3(a)), corresponding to a NRPS of 632 rad/m
(Fig. 3(c)).

ey

ABt™

3. Bi:TbIG silicon photonic platform

Detailed device fabrication process flow is elaborated in Supplement 1 S2. More specifically,
300 nm of Bi:TbIG (Bi; 3;Tb; ggFesO,, Bi = 41%) is deposited into defined trenches on the MZI
arms via pulsed-laser deposition (PLD) without a seedlayer (Fig. 1(b)). To avoid film cracking
due to thermal expansion coefficient mismatch between Bi:TbIG and Si, an extended annealing
process at lower temperature (600 °C, 10 hours) was utilized instead of rapid thermal annealing
(850°C, 5 minutes). Furthermore, slow thermal ramp up (10 °C per minute) and down (1 °C per
minute) is adopted to avoid rapid thermal expansion. Because crystallization can be performed
as a batch furnace step, many substrates can be annealed in parallel concurrently to the ongoing
BEOL process where device throughput will not be limited by anneal duration. A possible future
route toward a lower thermal budget is localized post-processing, such as integrated micro-heater
[40] or laser annealing [41].

The optical constants of the Bi:TbIG garnet measured via ellipsometry are plotted in Supple-
ment 1 S3. Ellipsometry measurements present more higher errors at low values of k (i.e., <
0.001), where the garnet might still contribute to significant waveguide propagation losses. To
that effect, we characterize the propagation loss of the monolithic Bi:TbIG/Si waveguides via the
cutback approach, where the propagation losses are found to be about 120 dB/cm. This value
is dominated by absorption in the garnet, mainly attributed to Fe>*/Fe** charge-transfer states
linked to oxygen non-stoichiometry [28,42], with additional scattering from grain boundaries
and patterned edges [43,44]. Being process-related rather than intrinsic, this loss can be reduced
by optimizing the annealing ambient (O, partial pressure) and Bi content, consistent with the
substantially lower losses of optimized garnet films on Si [28,37]. While the overall device
insertion loss is approximately 12 dB, it is comparable to existing literature for integrated
magneto-optical isolators [45—47]. Further loss reduction can be attained through optimization
of the Bi substitution level and fabrication process, tapered garnet sections for effective mode
transition, and optimal interaction length non-reciprocal phase shift of 7. The phase purity of
the deposited Bi:TbIG layer is investigated using X-ray diffraction (XRD) (Fig. 2), indicating
polycrystalline garnet with no detectable secondary phases. A Bi:TbIG lattice constant of
~ 12.52 A can be inferred from the XRD consistent with prior work [40].
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Fig. 2. XRD of the Bi:TbIG garnet on silicon where a single-phase polycrystalline garnet
phase is validated.

4. Photonic isolator design

Following the development of the material platform, the Bi:TbIG (300 nm-thick)/Si (220 nm-
thick) waveguide was designed for optimal NRPS. The Bi:TbIG layer is saturated at about
2000 Oe, with a Faraday rotation of —1300°/cm at 1550 nm. Details of the Faraday rotation
measurement for the Bi:TbIG layer, as well as the M-H loop of this formation can be found in
our previous work [40]. At C-band, eigenmode calculations indicate single-mode operation for
TM polarization at waveguide widths of less than 650 nm. Within the simulations, a driving
current Iy, of 120 mA was implemented. Figure 3(a) plots the minimum Bi:TbIG/Si waveguide
lengths (Lmin) necessary to induce a m phase difference between the forward and backward
propagating lightwave with varying waveguide width (400 — 650 nm) and SiO; spacer thickness
(200 — 700 nm). For visual guidance, the corresponding waveguide widths and SiO, spacer
thickness for Ly, = 1220, 1230, 1240, 1250, and 1260 um are annotated. Another important
consideration with regards to the design of the Bi:TbIG/Si waveguide is the impact of the Au
electromagnets absorption loss. In Fig. 3(b), the parameter space of Fig. 3(a) is replicated, where
the contribution from metal absorption is simulated. The corresponding parameters for parasitic
absorption losses of 0.01, 0.02, 0.1, 1, and 5 dB/cm are illustrated. A waveguide width and SiO,
spacer thickness of 600 and 600 nm are selected, respectively.

Figure 4(a) displays the normalized magnetic field in the x-direction |H,|/|Hy max| generated
by the Au electromagnet at Ig, = 120 mA. In Fig. 4(a), |Hy|max = 80 Oe, while the spatial
average over the garnet layer is approximately 55 Oe. These values agree with the corresponding
sheet-current estimate. The garnet therefore operates far below its full-saturation field (Hgy =
2000 Oe). However, a phase shift of & can still be obtained between the counter propagating
lightwaves via electro-magneto-optical computation. In Fig. 4(b)-(c), the normalized optical
mode field distribution in terms of |Hop | /|Hop,xImax and power (|Eqp 2 /(|Eqp |2) max) are depicted,
respectively.
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Fig. 3. (a) Monolithic Bi:TbIG/Si waveguide Ly, required to induce a 7 phase shift
between the forward and backward propagating lightwave as a function of waveguide width
and SiO, spacer thickness. (b) Waveguide propagation loss contributed by metal absorption
as a function of waveguide width and SiO; spacer thickness. (c) Monolithic Bi:TbIG/Si
waveguide NRPS as a function of waveguide width and SiO, spacer thickness.
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5. Experimental characterization

During the experimental characterization of the fabricated isolator, a tunable laser (C-band)
and photodetector were used at the input and output interfaces, respectively. A 175 nm-wide
inverse taper was implemented for low-loss coupling to lensed fibers on both facets. Normalized
transmission spectrum of a Si reference waveguide is shown in Fig. 5(a). Four DC probes are
used for 4y to generate the necessary H, for optical isolation. After burn-in, the resistance
of an individual electrode strip was measured at ~ 2Q . In Fig. 5(a)-(d), the corresponding
forward and backward transmission spectra of a monolithically integrated Bi:TbIG/Si isolator are
shown for Iy = 0,41,79,and 114 mA. The currents on both arms are equal in amplitude but
in opposite directions. This results in approximately 52 mW (26 mW on each side) of standby
power consumption for maximum isolation, highlighting the advantage of this device in terms
of efficiency [12,20,48,49]. When I4jy = 0 mA, the device is reciprocal and therefore there is
no wavelength splitting between the forward and backward fringes. The isolator insertion loss
is determined to be about —12 dB as compared to a straight reference waveguide. With greater
L4riv from Fig. 5(a)-(d), splitting between the forward and backward fringes is increased, due to
the enhanced nonreciprocal phase difference between the two directions. A 7 phase difference
between the forward and backward propagating lightwave is obtained when /g, = 114 mA
(Fig. 5(d)), where an optical isolation ratio of 24 dB is realized. To assess the operational
repeatability, forward and backward transmission spectra were recorded after the 10th and 20th
current cycles. The isolation response remained consistent over the 20 cycles, showing negligible
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drift in the isolation ratio and fringe splitting, with the electrode resistance unchanged at ~2
Q. We note that Joule heat generation is equal on two arms and thus does not introduce extra
phase shift difference. We also simulated the temperature change when applying a current
of 114mA, as shown in Supplement 1 S4. This conclusion is further supported by the weak
temperature dependence of Faraday rotation reported for a related Bi:TbIG film near room
temperature [50]. The experimental value of isolator nonreciprocal phase shift at the current level
corresponds closely to that obtained via simulations shown in Fig. 4(a), which predicts a value
of 120mA. When I4;y is switched off, no remanent isolation is observed, which is attributed
to the polycrystalline Bi:TbIG layer relaxing into a low remanence magnetic configuration.
As summarized in Table 1, our device demonstrates competitive isolation performance, an
isolation-to-insertion-loss ratio of 2.0 dB/dB, comparable to bonded Ce:YIG isolators, while
combining monolithic integration, seedlayer-free Bi:TbIG, and on-chip electrical drive in a single
platform. Further reduction of the Bi:TbIG propagation loss is expected to improve this ratio
and the overall device performance. This demonstration critically highlights the feasibility of
magnetooptical isolator platforms with a significantly reduced thermal budget than now.
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Fig. 5. Measured forward and backward propagating spectra after the 1st, 10th, and 20th
on/off cycles when (a) /4y = 0 mA, (b) Iy = 41 mA, (¢) Igriy = 79 mA, (d) Iy = 114
mA.

6. Conclusion

This work presents the development, and experimental demonstration of a monolithic Si isolator
based on a Bi:TbIG seedlayer-free monolithic platform. The elimination of seedlayer allows for
enhanced magneto-optical interactions with the waveguide mode and reduced thermal budget. In
addition, this approach enables integration of micro-electromagnets in close proximity to the
waveguide to reduce driving current and power consumption. To that effect, we demonstrate
nonreciprocal phase shift with 114 mA driving current, achieving an optical isolation ratio of
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24 dB with a power consumption of 52 mW. This work sets the stage for the advancement of
monolithic seedlayer-free isolators in silicon photonics.

Table 1. Comparison of integrated photonic isolators on silicon.

Footprint  Isolation Isolation/IL Power
Reference Mechanism Material Seedlayer Integration Lygps (mm) (mm?) (dB) (dB/dB) (mW)
Shoji et al. MO Ce:YIG No Bonding  ~0.9 1.5x1.5 21 2.6 0
(2008) [51]
Bi et al. (2011) MO Ce:YIG/YIG Yes Monolithic — 0.29x0.29 195 1.0 0
[33]
Ghosh et al. MO Ce:YIG No Bonding - 1.5x0.004 25 3.1 04
(2012) [21]
Du et al. MO Ce:YIG/YIG Yes Monolithic — - 40 133 0
(2018) [52]
Zhang et al. MO Ce:YIG/YIG Yes Monolithic 0.968 0.94x0.33 30 6.0 0
(2019) [34]
Pintus et al. MO Ce:YIG No Bonding - - 30 1.7 3
(2019) [18]
Liang et al. MO Ce:YIG No Bonding  0.215 - 29 9.7 76
(2023) [53]
Fan et al. Nonlinear Si N/A Monolithic N/A 0.04x0.04  ~20 ~1.7 -+
(2012) [54]
Del Bino et al. Nonlinear Silica N/A Monolithic N/A - >24 ~4.8 ~few”
[55]
Kittlaus ef al. ~ Brillouin Si N/A Monolithic N/A - >20 >20 90°
(2018) [48]
Kittlaus et al. ~ Brillouin Si/AIN N/A Monolithic N/A - ~16 >26 10¢
(2021) [56]
Tzuang et al. ~ Spatiotemporal Si (PN) N/A Monolithic N/A - - - >160°
(2014) [49]
Dostart er al. ~ Spatiotemporal Si (PN) N/A Monolithic N/A - 13 0.7 ~0.5¢
(2021) [57]
This work MO Bi:TbIG No Monolithic 1.243 1.5%0.5 24 2.0 52

“External permanent magnet.
bOptical pump power.
“RF electrical drive.
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